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SUMM~aY

An analytical study was undertaken in suppcrt of a preliminary design

effort to show the feasibility of a modified XH-51A compound helicopter

achieving a speed of 300 knots by slowing the rotor in high-speed flight,

while retaining good hover performance characteristics. The limitations

on speed and maneuverability evident from previous flight test programs

are described, and results of analysis are presented to show that these

limitations can be eliminated in order to provide an increased flight
envelope for compound helicopter operation.

Previous Xfl-51A compound helicopter flight speeds have been limited at

263 knots primarily by vibration due to compressibility effects on the
advancing blade. Compressibility excites blade frequencies, causing high

vibratory levels in the aircraft and high dynamic loads. Slowed-rotor
operation, at speeds as low as 50% normal rpm, is explored as a method
for l iducing advancing tip compressibility effects to achieve the

300-kLot flight speed. Twc levels of rpm reduction, 25% and 50%, with
some differences in design requirements and operating procedure, are

evaluated. In both cases, 300-knot operation is feasible with the rotor

system providing full aerodynamic control without the need for auxiliary

fixed-wing control surfaces. The 75% rpm system includes modified rotor
blade frequency placement, a hard-manted transmission, and a rotor-speed
control gyro. The 50% rpm system includef. increased structural blade
flapwise and torsional stiffness, a hard-mounted transmission, and a high-
speed control gyro. With the addition of a thin-tip airfoil, increased

compressibility margins at 300 knots for the 75% rpm system would result,

and operation at speeds approaching 350 knots with a 50% rpm system appears
to be feasible.

SA test program is recommended to confirm and supplement the conclusions of
the study.
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FOREWORD

This report describes the results of ar analytical study of a possible
flight envelope expansion for the XH-51A compound helicopter by slo-red-
rotor operation. Analytical data are provided for a range of design param-
eters. This study was conducted by the Lockheed-California Company from
January to April 1968 under Contract DAAJ02-68-C-OO33 with the U. S. Army
Aviation Materiel Laboratories. USA•VLABS program direction was provided
by R. C. Dumond.

Major Lockheed contributors to this report include V. Bilezikjian,
I. B. Sachs, J. E. Swoers, D. H. Janda. J. A. Hoffman, and R. B. Lewis.

v



rJ£w

"TABLE OF CONTENTS.

page

SUMMARY . . . . . . . . i..

FOREWORD . ... . . . . . . . . . v

LIST OF ILLUSTRATIONS . . . . . . . ix

LIST OF TABLES .. . . . . xii

LIST OF SYMBOLS ............... .......... ... xiii

INTRODUCTION ................. ........... . .. 1

BACKGROUND .................... . . .. ............. 2

Flight Control Techniques ........... .. .. ....... . 2
Flight Emergency Considerations . . . . . . . . .
Prior Flight Limitations ................ ........ . 5
Slowed-Rotor Operation ....... . .. .. ............. 5

ROTOR DYNAMICS AND AEROELASTIC STABILITY ........ ... ...... 9

Flight Limits ............. . .. .. ......... .... 9
Dynamic and Aeroelastic Stability Analysis ...... ...... 10
Dynamics of P'lapping Motion ...... ............ 16
Rotor Natural Frequencies ....... ........... 16
IP-2P Instability .... ........ .......... 22

ROTOR CONTROL. ................ ............... 2.

Control at Reduced RP14 . ...... ........... 23

ROTOR LOADS ................... ........... . 32

Design Loading Conditions .................. . 32
Effect of Twist, Coning Angle and Droop ... ....... 36
Fatigue Analysis ............. ............. 50

PERFORMANCE ................................. 55

Design Point Performance at High Speed .. ........ 55
Performar-e Conparisons .......... ........ . . 55

CONCLUSIONS AND RECCMMENDATIONS ....................... 60

Conclusions ............ ................ .. 60
Recommendations ........................... 61

9vii

Imm .m•m . •w



TABLE OF CONTENTS (Continued)

?sge

REFERENCES CITED ..................... . . .. ..... . . . 62

AP D ES ... . . . .. .. .... ............. . 64

I - Mkthods of Analysis ........ .. .. ....... 64

II - Slowed-Rotor Test Experience. .... .. ...... 69

III - Rotor Performance Charts and Sample Calculation . . . 74

DISTRIBUTIM ... . ...... ................... 108

viii



LIST OF ILLUSTRATIONS

Figure Page

1 XH-)l;. Compound Helicopter in Flight . ..... . 3

2 Maneuvers Attained in Flight Test with the 7H-51A
Compound Helicopter (Corrected to 4500 .b) . . 6

3 Airspeed vs. RPM Level (Power-On) Coverage Attained
with the XH-51A Compound Helicopter ......... .... 7

4 Stability of Rotor-Gyro Nutation Mode, Basic ConfigLration. U1

5 Stability of Rotor-Gyro Nutation Mode, Comparison
of Basic and Rec mmended Configurations . •..... . 13

6 Effect of Advance Ratio on Aerodynamic Spring Rate . . 17

7 Variation of K with Tip Weight, XH-51A Rotor ..... 18

8 Variation of XH-51A Roter Firstv Flapwise
Frequency with Tip Weight ......... ........ 18

9 Main Rotor Mass and Stiffness Properties ...... 19

10 Main Rotor Natural Frequencies .... ........ 20

Ul Tail Rotor Natural Frequencies ... ....... .... 21

12 Pitch and Roll Control Sensitivity at 250 Kn-)ts.. . 24

13 Cross Couplirg at 250 Knots ........ ....... 25

14 Pitch and Roll Control Sensitivity at 300 Knots . . 26

15 Cross Coupling at 3C-) Knots .............. .. 27

16 Pitch and Roll Control Sensitivity at 350 Knots . ... 28

17 Cross Coupling at 35C Knots ...... ........ . 29

18 Response tc Stick Motion in Hover .. . ......... 31

19 Rotor Thrust Capability Diagram . . .............. 33

20 Spanwise Moment Envelope, Condition 1i ....... 34

21 Measured PiSch Rate vs. Pitch Rate Compute-*, frcm
Load Factor and Speed.... .... ........... 37

ix



LIST OF ILLUSTRATIONS (Continued)

Figure Page

22 Spanwise Moment Envelope, Ccndition 2 .... ..... .. 38

23 Spenwise Mcr .nt Envelope, Condition 3 ... ....... .. 39

24 Spanwise Moment Envelope, Condition 4 ... ........ 4o

25 Spenwise Moment Envelope, Condition 5 ... ....... .. 41

26 Spanvise Moment Envelope, Condition 6 .... ...... 42

"27 Spanwise Moment Envelope, Condition 7 .......... .. 43

28 Spanwise Moment Envelope, Condition 8 ... ..... .... 44

29 Spanwise Moment Envelope, Condition 9 45

3C Spanwise Moment Envelope, Condition 10 .. ....... 46

31 Spanwise Moment Envelope, Condition 11 ..... ....... 47

32 Main Rotor Blade Airloads and Response, Condition 22 . .

33 Effect of Twist on Cyclic Normal Bending Moments
at Blade Root .............. ................ 49

34 Effect of Blade Twist, Condition 3 .... ........ 51

35 Effect of Blade Twist, Condition 7 ... ......... 51

36 Effect of Blade Twist, Condition 10 ....... ...... . 52

37 Effect of Blade Coning Angle and Droop, Condition 10 52

38 Fatigue Spectrum Comparison ...... .......... 54

39 CL-870 Model, Modified to Incorporate High-Speed Gyro,
Installed in NASA-Ames 40- x 80-Foot Wind Tunnel . . . 70

40 Results of Full-Scale Model Tests ... ......... 71

41 Dynamic Model in 8- x ]2-Foot Low-Speed Wind Tunnel . . . 72

4P Summiry of Dynamic Model Test Results .... ........ 73I 43 Rotor Hovering Performance, Effect of Twist ...... .. 76

x



"" ST OF ILLUMA OIS (Continued)

44 Rotor Hovering Performance, Effect of Airfoil Y.stribution . 77

45 Rotorcraft Flight Spectrum ....... . . 78

A 46 Rotor Performance Data for High-Speed Flight, Case 1 . . . 79

47 Rotor Perforiance Data for High-Speed Flight, Case 2 . . . 80

48 Rotor Performance Data for High-Speed Flight, Case 3 . . . 61

S49 Rotor Performance Data for High-Speed Flight, Case 4 . . 82
i50 Rotor Performance rota for High-Speed Flight, Case 5 . . . 83

51 Rotor Performance Data for High-Speed Flight, Case 6 . . . 83

52 Rotor Performance Data for High-Speed Flight, Case 7 . . . 85

53 Rotor Performance Data for High-Speed Flight, Case 8 . . . 86

S53 Rotor Perf ae Data for Hig-Speed Flight, Case 9 . . . 87
54 Rotor Performance Data for High-Speed Flight, Case 9 . . 87

" 55 Rotor Performance Data for High-Speed Flight, Case 10 . . 88

56 Rotor Performance Data for High-Speed Flight, Case U . . 89

57 Rotor Performance Data for High-Speed Flight, Case 12 . . 90

58 Rotor Performance Data for High-Speed Flight, Case 13 . . 91

r 59 Rotor Performance Data for High-Speed Flight, Case 14 . . 92

60 Rotor Performance Data for High-Speed Flight, Case 15 . . 93

61 Rotor Performance Data for High-Speed Flight, Case 16 . .

62 Rotor Performance Data for High-Speed Flight, Case 17 . . 95

63 Rotor Performance Data for High-Speed Flight, Case 18 . . 96

64 Rotor Performance Data for High-Speed Flight, Case 19 . . 97

65 Rotor Performance Data for High-Speed Flight, Case 20 . . 98

66 Tail Rotor Performance Data for High-Speed Flight,
Case 21 ................. i00



LisT OF usXiRATioRs (Continued)

67 Correlat'on of Perfo-rmance Data Theory and Test .... 101

68 Aircraft Component Angles and Relative Wind ..... 104

69 Application of Rotor Performance Data Charts .... .. 107

LISTP OF TABLES

Table Page

I Parweter Variations Analyzed .... ......... 12

II Summary of Loading Conditions ............. 35

III Effect of Tvist on Loads ...... ............ 50

IV Spectrum of Fatigue Loading Conditions .. .. .. ... 53

V Design Point Perforciance Comparison ... ...... 56

VI Comparison of Rotor Hover Lift .... ......... 57

VII Description of Dege.ees of Freedom .... ..... . 67

"VIii Rotor Performance Data for High-Speed Flight .... .. 75

t
lp

id

I _



SAls blade lateral cyclic Ditch, cosire term, measured frcr., shaft
norma. 1 plane, rad

blade airfoil lift curve slope, per red

a aI blade longitudinal flappin~g angle with shaft normal plane andcontrol plane parallel, deg

B1 blade longitudinal cyclic pitch, sine term, with tip path and
shaft normal plane parallel, deg

Bl blade longitudinal cyclic pitch, sine term, measured from
B15  shaft normal plane, rad

b number of rotor blades

Sb wing span, ft

"DR rotor blade drag coefficient, D:)/qS

-Dr rotor blade total equivalent drag coefficient, /qSb,

R
R ~ C -C

'D D DF R RQ
D rotor blade equivalent drag c-oefficient resulting from rotor

blade shaft power, D /qSb

LR '"rotor lift coefficient, LR/qSb

L 1ift coefficient of aircraft. minus blades: wing-fuselage lift
4L coefficient, L/q&S

"lift coefficient slope of aircraft minus blades; wing-fuselageLaW lift coefficient slope, per deg

Cp rotor power ?oefficient , 9 0.. ii?/w R2 p .Z .. ,

Srotor thrust .-cefficient, T/w•,-p •-T

ndiui.ensinal eri I.ntI I n4 i dl-nninr I Iie l

xdiii



I

LIST OF SYMBOLS (Continued)

c airfoil chord, blade zhord, ft

airfoil drag coefficient

Cl cairfoil lift coefficient

C1 1  airfoil design lift coefficient

SCm airfoil pitching mament coefficient a

D rotor blade total equivalent drag, lbE D = DR + D
R QR

D rotor blade shaft paver converted to an equivalent drag
force along the flight path, lb

550 HP
QR= V

DL • increment of drag of aircraft minur hlades associated with
lift; includes fixed-wing surfaces induced drag, and ele-
ments of both fixed-wing surfaces profile drag and fuselage
parasite drag above minimum, lb

Ip drag due to minimum parasite area; includes minimum fuselage
and interference drag, fixed-wing surfaces minimum profile
drag (and in this treatment, tail rotor drag), Ib

DR rotor blade drag, lb

e Oswald's airplane efficiency factor

FN jet engine thrust, lb

f parasite drag area, sq ft

) f(*) nondimensional forcing function of flapping motion

GW gross weight, lb

g acceleration of gravity, fps

liu sz of accessory, installation and transmission power losses

for shft drive system, hp

i HPR rotor shaft power, hp

Xiv

I I

I !_____------



I!

LIST O SYMOLS (Cotinued)

HP simination of pc•'er required in shaft power systemhpSHPRQD

I tail rotor shaft power, hp

S• II
1 flapping moment of liertia of one blade about axis at rotor

center, slug-ft 2

iS rotor shaft incidence, deg

W •wing incidence, deg

polar moment of inertia of a rotor speed gyro, slug-ft2

j polar moment of inertia of a high-speed gyro, slug-ft2

0 constant par-t of blade nondimensional stiffness, 21i) /V

control moment applied to Qyro per in. of longitudinal cyclic

Scs stick displacement, ft-lb/in.

K Ycontrol moment npplied to &yro per in of lateral cyclic stick

Syc displacement, tt.-lb/in.

SK(ij) nondimensional blade fluctuating stiffness

rotor lift, ib

lift of aircraft minus blader. wlng-fuselage lift, ]b

M(I) blade tip Mach number in hover flight

M(l,90) advanc.ing blade tip Mach number in forward flight

VA &yro mechanical advantage

ME rotor hub pitching mcoment, ft-lb

cyclic blade root normal bending moment, ft-lb

NG gyro rotational speed, rpm

xv



* LIST OF SYMBOLS (Continued)

NR ro-cor rotational speed, rpm

n flight load factor referred to a standard gross weight

n vertical acceleration, ft/sec2

IZ

p vehicle roll rate, rad/sec

q dynamic pressure, , pef
2

q vehicle pitch rate, rad/sec

r distance from rotor center to radius station considered, ft

R rotor radius, ft

Sb rotor reference blade area, bcR, sq ft

S wing area, sq ft

T rotor thrust, lb

t airfoil thickness, blade thickness, ft

V flight path velocity; units are generally identified as knots,
but when not identified, units are fps such as in

q =. 2 and in D =550 HPRV

V xlongitudinal velocity of rotor hub, fps

V Ilateral velocity of rotor hub, fps
Y

V Z vertical velocity of aircraft cg, fps
* 0

iWt blade tip weight, lb

x rotor radius ratio, r/R

F longitudinal stick displacement normalized by spring constant,
g5ro mechanical advantage, and gyro angular momentum, sec-3[ K 1csI

Ixvi

*

J _______

I ______i____ ______________i



LIST OF SVWBOLS (Continued)

x rotor radius ratio at ilade root cutout stationS~c

x longitud'nal stick displacement, in.

y lateral stick displacement normalized b,. spring constant,

gyro mechanical advantage, and gyro angular momentum, sec- 1

_ I :•! =LM~~n jycsy

lateral stick dIsplacemer.t, in.

vertical deflection of transmission, ft

eF fuselage angle of attack, deg

O aTpP rotor tip path plane angle of attack, deg

Ow •wing angle of attack, deg

T P blade flapping angle, rad

. .6 blade flapping velolity, rad/sen

blade flapping acceleration, rad/sec2

collective canone!t of rotor flazrise defleztica, rad

y blade lock nixnber, paceR !I

Erotor downwash angle at wirg-f.selage, deg

4 x sine term of rotcr in-plane c..zli-" deflec.tion, rad

cosine term of rotor in-plane c:-"liz deflec-tion, rad

collective component of rot.or ir-Dlane defle :ti::, r-i

0G cosine term of Ur•O displacement, rad

eR cosine term of rotor flap',ciie iefle-tion, rnzi

Of pitcb angle of fuselage, rad

xvii



SLIST OF SYMBOWS (Continued)

S pitch angle of tran-imission, rad

o8 blade linear twist from rotor centerline to blade tin, deg

A

8.75 rotor collective pitch setting at three-quarter radius, deg

Srotor in-plane advance ratio, V/bR

p air mass density, slugs/ft3

Srotor solidity, Sb/wR2

sine term of gyro displacement, rad

*@R sine term of rotor flapwise deflection, rad

+f roll angle of fuselage

+t roll angle of transmission

4. blade azimuth location in rotor plane, measured from
downwind position in sense of rotation, deg or rad

rotor rotational speed, and gyro rotational speed in 1:1
gyro-rotor speed system, rad/sec

12 gro rotational speed of a high-speed gyro, rad/sec

ratio of operating rotational speed to normal rotational
speed, where the latter has a reference value of 37.1 rad/sec

corresponding to 355 rpm

undamped natural flapping frequency of rotating blade, rad/sec

I
;I

xvi

I -



rIi

INTRODUCTION

This report presents the results of an analytical study performed to
determine the feasibility of expanding the flight envelope of the XH-51A
compound helicopter to include a 300-knot speed objective through sub-
stantially slowed rotor operation in high-speed flight and to provide data
to support preliminary design of such an aircraft. The phenomena asso-
ciated with the speed limitR observed in prior flight programs are identL-
fied and analyzed, and methods for their elimination are presented to show

Sthat the flight envelope may be expanded. Also, the effects of various
rotor system design parameters on both high speed, at a range of tipS~speeds,, and hover operatcing characteristics are considered to identify•

those parameters which are most critical to the designand to provide a
basis for the selection of the best rotor design for the slowed-rotor
XH-51A compound helicopter. Four rotor operation problem areas are iden-
tified and treated separately:

* Rotor dynamics and aeroelastic stability

* Control phase shift and control power at low rpm

* Rotor loads

e Performance

Test-based &lalytical methods, outlined in Appendix I, Methods of Analysis,
are applied to develop data in these areas. El.mnents of these analyses
were applied in designing the XH-51A compound for flight speeds Jn the
proximity of 250 knots, and the analyses reflect updating and refinement
based on the results of flight experience.

The scope of this study encompasses rotor speeds from 100% to 50% normal
rpm. Rotor parameters for a 75% rpta and a 50% rpm Estem are presented.
The 75% rpm rotor system allows operation at 300 knots with the same
blade geometry used in the previous configuration, but with different mass
characteristics. The 50% rpm rotor system allows for operation at 300
knots but also provides a maximum potential for increasing speed due to a
large operating margin before encountering the onset of advsicing blade
compressibility.

Although the data presented have been generated for the XH-51A compound
helicc~xter, where practical they are presented in ea form applicable to a
broader category of rigid-rotor helicopters.

I1



SincBACKMOUN
z! Since this study was performed to provide preliminary desi&7 daza for the

XH-51A compound helicopter, a familiarity with the basic design for the
vehicle is useful. The XH-51A research compounL helicopter (Figure 1) hasI a 35-foot-diameter, four-bladed, gyro-controlled rigid rotor, wings for
unloading the rotor lift at high forward speeds, a jet engine mounted close
to the fuselage on the left wing for propulsion, horizontal and verticalhe
tail surfaces, and a two-bladed teetering tail rotor for antitorque anddirectional control. The airc:'aft requires no movable fixed-wing aero-

dynamic control surfaces since the rigid rotor provides sufficient pitch
and roll control moment throi application of cyclic pi tcb at any rotorS~ thrust level.

The evolution of the XH-51A aircraft as a helicopter and a compound heli-
£copter is described in Reference 1. References 2 and 3 describe succes-

sive maneuver envelope expansions and increased speed objectives. This
section presents the approach taken in designing a rigid-rotor compound
helicopter to expand the maneuver envelope for high-performance rotary-

pLIGH~ CCnrROL TEImqJJS

W be rotor of a conventional helicopter in forward flight is used to per-
fou two distinct but related functions: (1) to provide lift and (2) to
rrovide propulsive force to overcome aircraft drag. When sufficient power
!s available so that high-speed performance is not power-limited, vibra-
Itais (caused by retreating blade stall and advancing blade compressibil-

ity) limit speed through high rotor loads and decreased control margins.
While operation under these conditions may be possible from structural
considerations and from the p,.lot's standpoint, the rotor becomes lessefficient.

It is desirable to stbstitute alternate methods for providing vehicle lift

and propulsive force. Aircraft lift may be provided by a wing, which
would enhance perfo-mance at moderate speeds and improve maneuver capa-
bility. However, relieving the rotor lift requirement alone does not
appreciably affec-t maxim= speed capability, since reducing rotor lift
unloads it in propulsive force as well. Substantially higher speed flight
of the aircraft requires a separate propulsive device such as a shaft-
driven propeller or a jet engine, whether or not the rotor is unloaded in
lift. The XH-51A compound helicopter combines a wing for lift and a jet
engine for propulsive force. While the jet engine is not the most effi-
cient propulsive device wbich cotld be provided for the operating range
under consideration, it ir well suited to a research vehicle due to sim-
plicity of installation and control.

For high-speed flight control of a compound helicopter with a teetering or
J fully articulated rotor, it is necessary to maintain a substantial level

2
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of rotor thrust or to install airplane controls to obtain pitch and roll
control. Maintaining thrust on the rotor limits speed capability, and
additional controls tend to cxplicate the control system and add weight
to the vehicle. In contrast, the XH-51A rigid rotor is capable of pro-
viding a control moment at the hub through cyclic pitch control when the
rotor is completely unloaded.

The basic approach taken in the design of the XH-51A compound is to pro-
vide wing size and incidence sufficient to completely unload the rotor at
the high-speed point so that maximum cyclic control power is available for
maneuvering. At the high-speed point, the rotor attitude is level and the
collective pitch measured at the three-quarter radius is near zero degrees.
The corresponding longitudinal cyclic control setting required for trim is
also near zero degrees. Further tailoring of wing parameters is a func-
tion of desired rotor/wing lift-sharing at lower speeds and vehicle atti-
tude at the minimum speed selected for operation with the high-speed
point collective pitch setting.

Flight from hover to progressively higher speeds is accomplished without a
requirement for a shift in primary control systems, since all control is
provided by the rotor system. In the speed regime below 80 knots, the
aircraft is flown with collective and cyclic control as in any helicopter.
At a speed between 80 and 120 knots, thrust on the propulsive engines is
increased and the collective pitch is set at the high-speed position
S (0.75 u 0). In this condition, the rotor is at a positive angle of attack
and is providing most of the lift for the aircraft. As speed increases,
the wing lift capability increases and the angle of attack of the aircraft
is decreased, unloading the rotor. Longitudinal and lateral stick dis-
placement provide pitch and roll control through cyclic feathering, but
the aircraft is flown as an airplane without varying collective pitI
Yaw control is provided by the tail rotor.

In high-speed flight with tht: rotor unloaded, the effects of retreating
blade stall orL performance and control cape) ility are negligible. Retreat-
ing blade stall occurs only in the reverse flow region where local veloc-
ities are low. Where a control moment must be generated with differential
lift between the 90-degree and 270-degree azimuth locations, the high-
velocity condition on the advancing blade easily provides the mechanism
for sufficient differential lift.

FLIGHT EMERGMY COIIDERATIONB

In the event of a shaft engine failure while operating at high speed with
the rotor unloaded, it is necessary to load the rotor to develop an
autorotation condition. This cannot be accomplished merely by increasing
rotor angle of attack since the wing lift increases also. To overcome
this problem in the XH-51A compound helicopter, wing spoilers are installed
and an emergency procedure has been established and found to be satis-
factory in flight test. When a shaPt engine failure ir detected, the wing
spoilers are deflected to unload the wing and a turn is made to increase

- 4
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rotor loading more rapidly. The turn provides .the necessary rotor angle
of attack without extreme attitudes and a more precise control of rotor
rpm through bank angle. As flight speed is reduced,, the rotor lift load
readily sustains autorotation.

In an operational compound where the propulsive force may be obtained
through a sha.t-driven propeller instead of a jet engine, the propeller
drive may be geared to the power system of the main rot-or. In the event
of' 1aver loss, the propeller is set to absorb energy from the flight path
to help slow the aircraft as well as to help keep the main rotor rotating
until it can produce enough lift to sustain autorotation.

PRIOR FLIGHT LIMITATIONS

Flight tests of the XH-51A have provided extensive information useful in
the study of high-speed compound rotary-wing flight. Data have been
accumulated on tne effects of lift-sharing between the wing and the main
rotor, vehicle center-of-gravity placement and load factors. A summry of
the experimentally demonstrated velocity-load factor envelope of thisaircraft is shown in Figure 2. Vibration, loads and stability character-istics of the rotor and vehicle were monitored at various forward-speed
and rotor-speed combinations. During the --pm-airspeed envelope explora-
tion &Innarized in Figure 3, three verodynamic-dynamic factors limiting
high-speed flight were identified as follows:

1. A compressibility limit on the advancing blade was experienced
in the form of high vibratory response, high oscillatory loadsand a right-hand stick displacement required for trim. Repeated
high-speed flights with a conventional NAC& 0012 rotor blade
airfoil section show that compressibility effects do not become
significant until reaching an advancing tip Mach number of
0.91. Flights were conducted to a limiting Mach number of 0.942
at 95.5% rpm.

2. Decreased static stability margins limited operation at go%
rotor rpm at 185 knots and near neutral c.g. This limitation
was removed by moav.ng the c.g. forward, allowing operation up to217 knots.

3. Rotor plane oscillations which are possibly interrelated with
the above static longitudinal stability margin, were observed at
reduced rpm/higI ght speed combinations. These oscillations
had not been reported at the 90%, 185-knot test conditions.

SLO -•RO]YOR OPERATION

The primary speed limitation on the XE-51A in its previous test configura-
tion was vibration caused by the high Mach number of the advsncing blade
tip. Regardless of the selection of airfoil section for the area of the
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blades near the tip, Maeh number limitations will not allow a substantial
increase in maximu speed at the design hover tip speed. Therefore, tae
next major increase in speed capability can best be attained by rotor
slowing to significantly decrease the advancing blade tip Mach number to
an operating range below that where compressibility effects become signif-

Iicant.

The purpose of this study is to evaluate the feasibility of expanling the
high-speed end of the flight envelope, but it should be noted that high-
speed capability is not the only benefit of slowed-rotor operation. Slowed-
rotor operation has the added benefit of reducing the power requirements
at moderate speeds (150 to 200 knots). This power reduction due to
decreased blade profile losses produces a significant increase in range and
endurance characteristics at cruise conditions.
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ROTOR DYNAMICS AID AEROEIASTIC STABILITY

In previous flight tests of the XH-51A, high-speed flight has been limited
by vibrations induced by compressibility effects at 100% rpm, and by rotor
frequency e'-citation at reduced rpm. In this section the flight limits
experienced ir these tests are discussed in detail, and results of analysis
indicating the feasibility of eliminating these limit3 are presented.

S• 'LIMMT LIMITS

Limitations on maximum speed experienced in previous flight tests were

principsl1y characterized by dynamic response. The primary limitation was
the result of compressibility effects on the advancing blade when the tip

Mach numbers fro.• 0.91 to 0.94 produce local shock, high drag ane aero-
dynamic center shift sufficient to excite the blsde frequencies and cause
a high vibratory response and oscillatory ioad&. The actual limiting
factor was the pilot'a inability to operate in a high vibratory environ-
ment (i.e., inability to read his instruments, physiological discomfort,
etc.), since the level of the vibratory lrAds experienced in flight was well
below the structural design limit. The raltion to this problem is found
in simply reducing rotor tip speed in hiz.%-speed flight; but in so doing,

the effects of slowing the rotor on !.u natural frequency, aeroelastic
stability and control capability must be considered.

The second limit was experienced at io% rotor rpm, ia5 knots at neutral
c.g., where two different pilots experienced what they described as a
degradation in longitudinal static stability. Flight records showed that
this configuration exhibited very poor longitudinal stability character-
istics. By moving the e.g. forward, the f-Leed capability was inmediatel'
increased to 217 knots.

A dynamic phenomenon observed in the flight test program at 95.5% rpm (at
forward e.g.) was characterized as "hop" since 1t was sensed primarily as
vehicle vertical acceleration. This phenamenon was encountered during an
autorotation entry at 232 knots, and flight records disclosed that it
involved higher than normal blade chordwise response caused by the soft-
mounted transmission hitting its forward stop at the time of the initia-
tion of autorotation. The response of the fuselage exhibited a develop-
ment of pitch and roll rates and e.g. acceleration. It is believed that
the impact loading as well as the nonlinear stiffness sensed by the rotor
system while the stops were deflected caused the high in-plane response
which produced the vehicle motions, and that the elimination of soft-
mounting of the transmission will preclude the occurrence of this phe-
ntmenon.

An analytical study of the hop phenomenon, reported in Reference 4, indi-
cates that the operation of this rotor near 93% rpm (1.5P in-plane fre-
quency) would result in reduced rotor in-plane damping. This effect,
combined with reduced longitudinal static stability margins, is believedj quency

I ~m mml ,m• immSImm • m • •, ml,



[ to have aggravated the system response which produced the observed phenom-
enon. It is also probable that the effect on stability of the combina-
tion of increased forward speed and reduced rotor rpm is adversely
augmented by the reduction of control gyro effectivity. This condition

could be alleviated by increasing gyro size. The phenomenon is dependent
upon the rotor chordwise response driving the collective control system
to produce the vertical accelerations. It may be eliminated by tailoring

chordwise stiffness and damping and collective stiffness and damping.

DY.vMMIC AND AEROEIASTIC STABILITY ANALYSIS

In addition to proper placement of rotor blade frequencies, successful
rotor design mast feature adequate stability margins within the opera-

tional rpm excursion limits and forward speed envelope. A parametric

study evaluating the ncessary design changes to an XH-51A-size rotor and

control system provides a high level of confidence in attaining the 300-
knat speed objective. The rotor parameter variations studied are within
the forward speed range of 230 to 350 knots and rotor speeds of approxi-
mately 50% to 100% rpm (where 100% rpm represents 355 rpm, 650 fps tip

• speed).

A brief overview of the parameters affecting the aeroelastic and dynamic
stability characteristics of the gyro-controlled rigid-rotor system
follows. Cyclic stability of the rotor system is achieved primarily by

the selection of a control gyro size and mechanical advantage which are
compatible with blade sweep and rotor power loading. Collective stability
is achieved by providing adequate collective control stiffness. Advancing

rotary modes of the rigid rotor are effectively stabilized by proper
* selection of the cant angle of the control gyro and the sweep and droop

of the blade. The possibility of high-frequency blade flutter at low I

is precluded by maintaining a rotor blade chordvise center-of-gravity
distribution which is virtually on the blade quarter-chord !,t the outboard

region of the blade span. Blade flutter at high k, in particular for the

region ' = 225 .degrees to 4 = 315 degrees, is controlled by maintenance
of a high blade torsional frequency. A swashplate damper is used to sta-

bilize a 2P nutation mode.

The ranges of rotor and control system parameters studied with the 16-

degree-of-freedom analytical model described in Appendi2L I are presented

in Table I. The configuration for the current XH-5JA compoond helicopter
F rotor system is shown in this table by the underlined parameters.

I • The initial phase of analysis is asplied to the study of the basic XE-51A

j compound system to provide direct comparison with flight test experience.

The results of this study shotm on Figure 4 indicate that the critical
d-namic mode is a motion which can be characterized as rotor-gyro nutation.

Mhe airframe would develop substantial 2P vibration levels prior to reacn-

ing this limit whicli would easily be corrected by increasing the swashplate

daining levels. When rfight data from previous test programs axe emained,

' i 0
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no clear evidence of damping reduction in this mode is seen within the

range orf operating conditions tested. However, the rpm and forward flight

speeds tested did result in substantial vibration at t'-e tip Mach nuuber

of 0.94, which may have masked this chracteristic. The aralysis is con-

servmttve with respect to this mode, since only the swashplate dmping is

aceou;ated for and any additional damping due to control system friction

provides added margins.

TABLE I. PMRAMETER VARIATIONS ANALYZED

Variable Range of Analysis Units

Control Gyro Inertia 7.5, 10, 15, 25, 50 Slug-Ft2

Blade Sweep I.i8, 2.36, .3.54 Deg

Gyro Cant Angle* 455, 60, 65 Deg

200Rotor RPM 53, 710, 81, 0, d00

Blade Tip Weight O0I,2 Lb

Vehicle Forward Velocity 230 to 350 Kn

, *Defined as the control gyro gzimuthal lead angle

i!The results of the analysis for & reccmended coi1fpguration are shown in

Figun 5. This configuration is basically an XH-51A-type rotor system

which incorporates additional swashplate damping (five times the original

level), a larger gyro (two times the original) and 12-pound rotur tip

weights for rotor centrifugal stiffening as well as in-plane bending fre-

quiency placement aAt reduced rpm. All other parameters remain unchanged.

Adequate operating margins down to 75% rpm are insured on the basis of the

sol-ation shown for the 73% rp! condition.

A reduction of 25% in rotor speed results in a loss in flapwis* stiffness

Of about 40%. If the XH-51A were flown to increasingly higher forward

speeds while maintaining a constant blade tip Mach number by appropriate

reduction in rotor speed, the advance ratio would increase proportionately,

and the retreating blades, beginn!rng with the inboard regions, would

encoumter progresaively more reverse flow. The result is that vertical

S* gusts become more adversely effectiv" inasmuch as they can produce
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, relativel." large t:,-ansient flapping responses. This effect is augmentedby the more asymmet;rical character of gust envelopment in the case of a

slowly rotating rotor. At lowered rotor rotational speeds and high forward
flight speeds, such transient flapping responses could manifest themselves
in the form of high loads, possible blade divergence and/or vehicle insta-
bility.

In view of the aeroelastic constraints, there exists a limit to the reduc-
tion in rotor speed in combination with forward-flight speed which can be
tolerated before significant structural and mechanical modifications become
neceesary. From the data deve-loped, this limit appeared below 73% rpm at
300 knots. It will be shown that greater reductions in rotcr rpm and
higher forward flight speeds can be facilitated by the incorporation of a
high-speed gyro and structural modifications.

Barring mechanical and structural alterations, the special aeroelastic
phenomena associated with high-speed operation of the compound XH-51A rotor
system at 50% of its original design speed can be attributed to three
principal conditions: (1) excessive loss in flapping stiffness corre-
sponding to the reduction in rotor speed, (2) diminution of gyro author-
ity, and (3) inadequate frequency separation.

In addition to its influence on blade frequencies, substantial loss of
flapping stiffness will result in flapping excurEions. These become pro-
gressively larger as advance ratio is increased so that even though the
intent is to maintain an unloaded rotor during flight at high advance
ratios, the rotor will n(-7ertheless become more sensitive to rotor inci-
donce change, such as "uhat occasioned by gust envelopment. Such flapping
excursions would also have a significant effect on rotor torque and, hence,
on rotor speed. Compensation for such cyclic disturbances is an innate
characteristic of the ?yro-contrclled rigid-rctor system when the gyro
possesses good gyroscop: characteristics. It should be mentioned that the
centrifugal stiffness can be partially restored by adding tip weight to the
rotor blades. The tip weight requirements and flapping motion dynamics are
treated in the next section.

As the advance ratio approaches unity, a large area oi the retreating side
of the rotor is in reverse flow. Due to the large offset of the line of
aerodynamic centers relative to the blade structural elastic axis, the
blade in this reverse flow region will have an apparent "negative sweep"
with respect to its feathering axis. This effect is destabilizing in that
it generates the tendency to precess the control gyro so as to result in
an increase in the rotor moment. This feedback loop results in the gyro-
rotor system's tendency toward instability in a rotor cyclic divergence
mode, due to its effect on rotor damping. These adverse characteristics
will exist over a large srea of the retreating side of the rotor for
advance ratios near unity. Thus, the impedance of the gyro must be suffi-
ciently large to forestall the effects of adverse feedback until the sta-
bilizing conditions of the advancing side are reencountered.

14
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I With the rotor slowed to 50% rpm, it would not be feastble to furnish

control gyro of the conventional type since the size required would make
the gyro unwieldy. The high-speed control gyro, which maintains its high
rotational speed and., conaequL:2.tly, its ability to provide rotor control
as the main rotor sreed is red,.1ced and resto'-ed, possesses important
chsracteristics relative to the limitations referred to above.

Examination of control gyro size selection for pilot control and rotor
response due to external disturbance indicates that the JU of the control
gyro preserved selecting a control gyro speed and polar
inertia. This is equivalent to saying that the control &yro JO = JHQ3,
where the terms on the left pertain tD the rotor speed gyro and the termson the right pertain to the high-speed gyro system. This is seen mc!t
easily f,.om the pilot side of the system; however, the rotor disturbance
case can be simplified as follows.

Given an external moment acting to precess the main rotor, the blade sweep
is then acting to precess the gyro. This f--edback results in an automatic
adjustment of cyclic pitch to alleviate the moment. The precession rate
of the gyro is inversely proportional to its angular momentum. Therefore,
the basic control input must be increased as JU is increased and the sweep
angle (feedback) must al•n be increased to maintain a balance. The dat&
presented in Appendix II show that the gyrc stiffness (i.e., JCF) is most
important for the high aavance ratio case. Preservation of JU = JJH
clearly benefits the stif.'ness when the fyro is operated at high speed,
since the stiffness incresses by the rat o % . Therefore, a favorable
balance tetween pilot effort and- blade ir'eep results while cbtaining toe
benefits of the large stiffness of the high-speed gyro.

Maintenance of JHQH while varying the main rotor rpm affects the basic
relationships described relative to gyro angular momentum, but to a second-
order degree; i.e., 75% rotor speed woald appear approximately as a
larger gyro angular momentun when viewed from the rotor. The rpm level
below which a rotor speed gyro is no longer practical is between 50% and
75% normal rotor rpm.

The high-speed control gyro is also characterized by a very high nutation
frequency. Thus, the swashplate damping required to stabilize the 2P
nutation mode of the high-speed control gyro is reduced to a small frac-
tiorn cf that required for the rotor speed gyro.

Reference 5 reports on the background experience in slowed- anc etopped-
rotor technology which is used for the lower rpm range. A summary of pre-
vious model test experience in slowed-rotor and high-speed gyro technology
is presented in Appendix II.

15
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DYNAMICS OF FLAPPING MOTION

The flapping equation of motion (Reference 6) is expressed as follows:

2 +p(5 2 K(5j1.2 y

where the terms have all been divided by R4 CaP/ 2 .

This equation represents a forced single-degree-of-freedom system with
periodically (but not harmonically) varying coefficients; i.e., it is a
typical Hill-type equation. Ko represents a combined structural ond
centrifugal stiffness, tae latter being highly dependent on rotor inertia
(e.g., tip weights).

Figure 6 shows the variation of aerodynamic stiffness around the azimuth
as a function of advance ratio, 1. As can be noted in Fisure 6, for
I> O the aerodynamic stiffness assumes a negative value in the azimuth
region 90 < 4' < 270 degrees, Since KO is always positi•e, its value will
determine whether a net negative stiffness is experienced by the system in
some azimuth region.

A very conservative criterion is afforded by the requirement that
Ko + K(*)> 0 be established for stability. Figure 7 shows the variation
of 1o at various rpm for an unmodified XH-51A blade and the effect of tip
weights on this rotor. The curves on this figure are obtained from the
evaluation of the first flapvise mode of the blades. The variation of the
ratio of the first flapping frequency to rotor, rotational speed as a func-
tion of percent of rotor speed for three tip weights (0, 10, and 20 pounds)
is ihown in Figure 8. These data indicate that for operation of this rctor

.- * at 50% rpm with a 20-pound tip weight, a structural flapwise stiffness
* increase of 53% is required. This increase would be located principally

in the hub and inboard end of the blade.

Natural freraencies and mode shapes are computed for varlous rotor speedr
from 50% to 100% normal rotor rpm using the mass and stiffness propertis
described in Figure 9. The variation of the natural frequencies with
rotor rpm at two different collective set+ings of the main rotor blade is
shown in Figure 10. Between 75% and 100% rotor rpm, the natural frequen-
cies of the lower modes of vibration are well separated from the harmonics
of rotor rpm (with the usual exception of the first normal bending mode,
which approximates the £requency of the first harmonic; this mode is
strongly damped).

Natural frequencies of the tail rotor are shown in Figure 11. The tail
rotor is a teetering two-bladei system, which requires the investigation
of both the ccllective and the cyclic modes. The collective modes (sym-
vietric normal bending, antisymmetric in-planr bending) are excited at the

16
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even harmonic frequencies, shown by heavy lines. The cyclic modes (anti-
symmetric normal bending, s!jmmetric in-plane bending) are excited by the
odd harmonic frequencies, shown by the thin lines in the figure. At nor-
al rotor speed (2095 rpm), the natuxal frequencies of the rotor are well

separated from the exciting harmonics at all collective angles. At 75%
normal rotor speed, the tail rotor is operated at low collective angles;
therefore, the second cyclic normal bending mode will not coincide with the
third harmonic.

'he operation of a 50% rpm rotor system necessitates further tailoring
of main and tail rotor natural frequencies. Due to the extreme range of
rpm variation in this case, it would be impossible to design a system
completely devoid of resonance conditions over the entire range. There-
fore, at some moderate flight speed, the range of rpm where resonances
occur must be passed through rapidly in order to avoid high vibrations and
loads.

1P-2P IMMSTA3ILITY

A phenomenon described as a 1P-2P instability has been experienced in gyro-
control.'td rigid-rotor operation. The phenomenon occurs at flight condi-
tions Vaere high hub moments requiring large blade flapping deflections
must be generated. High blade flapping deflections cause a 2P in-plane
excitation due to Coriolis forces. Flapping deflections feeding back as
a maent on the control gyro through forward blade sweep tend to stabilize
the hub mwxnt. The 2P in-plane response of the rotor creates a moment
opposing the stabilizing feedback. When this destabilizing moment becomes
dominat, the rotor beces unstable. The magnitude of hub moment at which
the mode becomes unstable is dependent on rpm and is a minimam for the rpm Iat which the first in-plane natural frequency is 2P.

The response to this instability builds up slowly enough that the pilot has
no problem controllin the rotor as long as he is given the cues to know
that it is developing. Any increase of moment in flight results in motion
of the vehicle for which the pilot can correct. Ii this respect, the phe-

nomenon can be compared to an unstable phugoid or spiral mode which is not
a problem to the pilot as long as he is provided with reasonable cues.

The possibility of exciting the unstable lP-2P divergence exists in slow-
ing the rotor from 75% to 50% rpm, if at the same time a large hub moment
is required for trim. In addition to reducing rpm quickly to avoid opera-
tion at resonance of the first in-plane mode, it will be desirable to be
operating at as low a hub moment as possible. In-plane natural xrequencies
for the 50% rpm rotor system will be tailored to avoid lP-2P instability.
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ROTOR CONTOL

In previous flight progpaw;, the only control problem which has been
-icountered has been a right-hand stick displacement for trim. This dis-
placement is required to balance a gyro moment caused by the feedback
of a steady feathering moment due to the one-per-revolution high local
drag acting on the underconed advancing blade at low lift. Hoever, this
stick displacement is small, and sufficient travel remained for adequate
control margin.

The primary concerns with the control of a slowed-rotor compound are
(1) the possible need for a phase shift of control with rpm reduction due
to variation in cross coupling, and (2) the possible need for auxiliary
fixed-wing-type control surfaces to supplement the available rotor hub
moment at reduced rpm. The digital computer simulation described in
Appendix i is used to evaluate main rotor control cross coupling and
capability at low rpm. In this section the results of a study of slowed-
rotor control cross coupling and control capability are presented.

COWTRCL AT REDU1CED RIM

In evaluating control cross coupling and capability, the parameters i and
•, normalized stick displacements, are used in lieu of x and Y.., actual
stick displacements, for two reasons: first, the functions p/y, q/x, etc.,are dimensionless; second., these functions do not reflect a specific value
for either kcs or •yca, dimensionless control moment spring constants.

Edimi nting the effess t of these spring constants on the results allows

the curves to be used as design tools in determining values for the con-
trol system spring constants.

The functions

t_

are plotted in Figures 12 through 17. Dividing the basic functions q

by the rotor speed ratio allows changing rotor speed to =.'fect the x
amplitudes of the curves as well as the timing of them. Since the charac-
ter of these responses is the same for various blade tip weights and rotor
gyro inertias, all of the data presented in Figures 12 through 17 are for
a tip weight of 15 pounds and a gyro inertia of 17.5 slug-ft . The re-
sponse characteristics are not particuiarl, sensitive to moderate varia-
tions about these values.

In general, the final amplitudes of the functions

( 3andf-
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at a given flight speed vary as a function of the inverse of the rotor speed,
For exaMple, final amplitude of the 50% rpm curve of Figure 14 is near-

ly twice that of the 100% rpm curve. One may expect these amplitudes to
ratio exactly with 1/0 . However, since changing 11 slightly affects cross
coupling (e.g., P/q' vs. time for an R input), response is traded between
pitch and roll in varying amounts as 0 changes. This effect accounts forS~~any deviation of final amplitudes from exact proportions of I/

The following conclusions on the sensitivity of handling qualities to rotor
rpm and flight speed are based on the response functions shown in Figures S~12 through 17 and on characteristics of existing helicopters.

1. The rigid-rotor system has intrinsic qualities of high-frequency,
short-period, pitch and roll modes with high damping. The high-
freq•'ency (fast-response)., highly damped characteristic can be
closely matched, as in the XH-51A, to the pilot's response. Pre-
cision rate control may be achieved in response times (63% of time
t' iaxiimn amplitude) of 0.5 second or less. Conventional helacop-
ters display low damping, and angular rate results from a basic con-
trol input followed by a control adjustment to minimize overAnoot.
The response time to stabilize at a desired angular rate is from 2
to 5 seconds. Figure 18 illustrates how the two types of response
match stick pulse inputs in hover. Simulation results show that
the slowed-rotor vehicle can be .mdequately responsive aw. the rotor
and flight speeds of interest. It is concluded that no additional
control surfaces will be required to augment the rotor's cyclic
control capabilities at rpm reductions down to 50%.

2. Cross coupling is not being altered enough by varying flight con-
ditions to warrant compensation with special adaptive servo sys-
tems. This jutezent is made after considering the cross-coupling
levels encountered by pilots flying the XH-51A compound helicopter.
The pilots are able to fly the aircraft safely with levels of
coupling higher than those computed for the 50% rpm system. Flii5 ,t
t.est experience with the XH-51A in the high-speed regions (see
Reference 3) indicates that the cross-coupling effects were depen-
dent on, and inversely proportional to, the degree of control

4 sensitivity. This is a controlled variable in the XH-51A control
system and is adjusted by modifying hydraulic boost gain.

3. The vehicle becomes somewhat more amplitude-sensitive (considering
ultimate response amplitude per unit of control input) with
decreasing rotor speed. The sensitivity is not a stro.g function
of airspeed. As discussed above, the amplitudes of Figures 12
through 17 do not reflect the control spring constants kxcs and
SKy... These spring coefficients directly affect the amplitude
sensitivity of the vehicle, and their values can be determined in
a final design process to provide a compromise between the sensi-

tivities at 'Ainimum and maximum rotor speeds.
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I

ROTOR LOADS

The critical loading conditions for the rotor throughout the speed rmnge
are analyzed; the effect on loads of twist, coning angle and droop are
assessed; and fatigue data are presented. The basic loads data are gener-
ated by the method indicated in Alrendix I using the blade cnracteristics
presented in Figure 9.

DESIGN LOADING CONDITIONS

Limit design loads on the main rotor are developed for 11 flight conditions
following the rotor thrust capability diagram of Figure 19. Each of the
circled mmbers identifies a potential critical loading condition in the
flight, envelope which must be analyzed to determine the limit design
loads. The high-speed loading conditions are evaluated at -vaious
reduced rotor speeds to provide a range of data to corer any selected
rotor speed.

In addition to the limit design load conditions 1 through 11, other loading
conditions for fatigue analysis are investigated. At the lower speeds, the

* collective control angle is used to obtain the rotor thrust specified. At
the higher speeds (conditions 21 through 24 of Table II), the collective
control angle is maintained at 3 degrees and the rotor angle of attack
is determined by the assigned vehicle load factor.

A snmary of the loading conditions is given in Table II.

Condition 1 is a symetrical hovering pull-up with maximum rotor thrust.
Analysis shows that the maximum rotor thrust is obtained with a collective
control angle of 23.4 degrees. Since this is beyond the physical capability
of the control system, the calculated loads are considered tc be conserva-
tive. Furthermore, the torque required to maintain this condition is con-
aiderably larger than the torque which can be delivered by arW turboshaft
sngizea considered for the aircraft. Therefore, the computed in-plane
bendig moents are conservative. The values of bending and torsion mo-
ments vs. blade span are shown in Figure 20. (Since this is a spmetrical
condition, the loads are constant around the azimuth.)

Condition 2 is a low-speed (60 knotsj pitching pull-up with maxim=m rotor
thrust. The maxim= rotor thrust at this speed is obtained with a collec-
tive control angle of 17.3 degrees. Again the rotor torque required to
maintain this condition is higher than the availeble torque, indicating
that the loads are conservative.

At forwaxr speeds above 64 knots, the limit structural dtsign envelope loads
are determined by retreating blade stall. In these conditions, the maximum
rotor thrust on the retreating side of the rotor disc is limited to a low
value due to blade stall and a relatively law value of dnmamic pressure,
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while the thrust on the advancing side is determined by roll moment
equilibrium.

The pitch rate q' which is developed in accelerated forward flight can be
related to the vertical acceleration nz:

q' = (n, - l)4v

where g is the acceleration of gravity and V is the forward speed. Figure
21 shows a comparison of the theoretical pitch velocity and the measure-

erents for the test conditions o:' Reference 8. The theoretical pitch rate
computed from the vehicle load factor can be regarded as an upper limit.

A positive pitch rate (such as that in a pull-up) results in a gyroscopic
moment on the rotor, which is relieved by aerodynamic forces. This
requires additional rotor thrist on the advancing side of the rotor disc
and increases the total rotor thrust. The maximum rotor thrust is devel-
oped in a condition which has the highest pitch velocity (i.e., the highest
vehicle load factor) and the maximum cyclic control angle (12 degrees).

In Conditions 3 through 11, the rotor shaft angle of attack is determined
by Lne vehicle load factor and the estimated rotor thrust. The sine
component of the cylic control angle is set at -12 degrees. The collec-
tive control angle and the cosir i component of the cyclic control angle are
determined from the shaft roll a-id pitch moment.

The moat conservative rbuing of the net shaft moment, in combination with
the blade loads computed for zero shaft moment, is the phasing which fol-
lows from the aft c.g. position. The magnitude of these pitching moments
is taken as 25,000 incb-pounds times the vehicle load factor. The maximum
and minimum bending anI torsion moments vs. blade span are shown in Fig-
ures 22 throutgh 31.

A sample of the var:•tion of bending moments over the azimuth is shown in
Figure 32.

EFFET O' TWIST, COMING ANGLE, AND DROOP

Figure 33 shows the effect of blade twist on cyclic normal bending moments
at a given rotor thrust level. The data presented in this figure are
based on linear theory. At the higher speeds and high rotor loads, the
change in cyclic bending Lioment due to a change in built-in twist is of
the order of 1% per degree.

A more complete analysis made for the design conditions 3, 7, and 10 by
repeating the analysis for maximum rotor thrust withr1ut the built-in twist
shows that a small increment of vaximum rotor tVrust is obtained by twist-
ing the blades (Table IIn).
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TABLE III. EFFECT OF TWIST ON LOADS

Masximum Rotor Thrust (ib)

Condition No Twist -5 Deg Twist

3 5770 6137

7 2156 2719

10 749 1269

Norml and chordwise bending moments are compared in Figvres 34 through
36. The effect of change in coning angle and droop angle is shown in
Figure 37. At meximum rotor thrust essentially the same bending moments
are obtained.

FATIGUE ANALYSIS

The spectrum of loading conditions used in determining the main rotor
fatigue loading for analyses is shown in Table IV. The spectrum of stresses
obtained from the fatigue loading spectrum is shown in Figure 38 for the
hub of Rotor Station 5.0. Cumulative fatigue damage calculations for an
XH-51A-type rotor hub subjected to this stress spectrum indicate negligible
damage. To provide a base for further evaluating the cyclic stress envi-
roment, reference is made to the stress spectrum of the hub of the Lock-
heed Model 286 helicopter. This aircraft is a commercial version of the
XR-51A helicopter. The stress spectrum to which the Model 286 hub was
subjected in its certification fatigue test is compared with the XH-51A-
"type hub stress spectrum in Figure 38. This comparision shows that the
cyclic stress environment for the Model 286 hub is much more severe than
that anticipated for the hub in this design model.
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TABLE IV. SPECTRUM OF FATIGUE LOADING CONDITIONS

Aircraft Numnber Time per Total Condition

Operation of Event Time (See
Events (sec) (min) Table II)

Ground Checkout
On-off 10 - 0-13-0
Steady Run - - 300 13

T .e-Down Testing
On-Off 100 - 0-13-0
On-Off 50 - - 0-12-0
Steady Run j - 1200 13
Steady Run - - 300 12
Cyclic Control Input 20 6 2 12

Flight Test
On-Off Ground Ru..s 300 - -

On-Off Groand Runs 300 - -

Takeoff 300 3 15 12
Landing 300 3 15 12
Hover 600 15 150 12
Transition 300 15 75 14
Climb (mLdcl Maneuvers) 900 15 225 15
Steady Run, 64 Knots - - 618 14
Maneuvers, 64 Knots 4OO 6 40 15
Steady Run, 120 Knots - - 480 16
Maneuvers, 120 Knots 400 6 40 17
Steady Run, 180 Knots - - 363 18
Maneuvers, 180 Knots 400 6 19
Steady Run, 240 Knots - 600 20
Maneuvers, 260 Yi•ots 4C0 6 23

Maneuvers, 260 Knots 200 6 20 22
Steady Run, 300 Knots - - 120 20
Steady Run, 320 Knots -10 25
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PEPUPORA4NCE

A summary of performance data is presented and its impact on aircraft
design requirements *iiscussed. The impact of rotor tip speed, airfoil
section thickness and camber distribution, and blade twist on rotor per-
formance is evaluated. Data generated in performing a study to determine
the effects of various design parameters on the hover and high-speed per-
formance characteristics of the XH-51A compound helicopter are found in
Appendix III.

DESIGN POINT PFIRFORMANTCE AT HIGH SPEED

The XH-51A comoun*d helicopter requires little power to overcome rotor

Sdrag and torque. Therefore, main rotor power requirements are not the
limitation on vehicle performance at high speed. Rotor performance with
appropriete blade geometry for each of two levels of rpm reduction (50%
and 75% rpm) is presented in Table V. The required energy for overcming
blade drag and torque, at each rpm level, is resolved to an equivalent drag
at the flight speed so that the total energy requirements may be compared
on a comon basis. At 300 knots, the difference in energy required for
the rotors operating at these two levels of rpm is not sufficient to
select one over the other without considering other aspects of the design
requirements.

Since the paver requirement for the rotor at low rpm and high speed is
not the first limit on performance, the principal aspect of blade airfoil
geome+ry selection now becomes that of alleviating compressible flow con-
ditions which induce high oscillatory loads, a high vibration level and
a feedback feathering moment to the gyro. However, this geometry selec-
tion must be optimized with the requirements for hover performance.

PERFORMWE COMARIZONS

Data from the nondimensional hover characteristics of CT/Ir vs. CP/0 of
Figures 43 and 44 in Appendix III are ertracted and tabulated in dimen-
sional form in Table VI. These data provide a comparison to indicate
trends and are simply made on the basis of an isolated rotor. This com-
pariscr, therefore, excludes the effects of engine and transmission losses,
antitorque power, aud aerodynamic download on the airframe. The basic
tolade geometxy of the existing XH-51A compound is used for a reference base.
This blade his a constant WACA 0012 airfoil section and includes a twist
of -5 degreec. The comparison is made onr the basis of 626 horsepower to
the isolated rotor at standard sea level and at 5000 feet and 9 0oF. The
"blade geometric properties and corresponding haver lifts are noted in
Table VI.
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TABLE V. DESIGN POINT PERFORWCNI 0X.KPAKTSON

Ve-ocity: 300 Knots

Altitude: Sea 12Cee

Temperature: Standard (50 0 F)

Normal
Rotor RPM 50% 75%

Gyro-rotor speed ratio, NN, 4o 1

J, slug-ft2  0.9 17.25

Rotor blade geometry:

e deg -5 -5

t/c 0.12 0.12

C'i 0 0

Drag of aircraft minus blades. ib 3051 3051

Rotor blade drag, lb 140 204

Aircraft drag, lb 3191 3255

Rotor shaft power, hp 31 130

Equivalent drag of shaft power, lb 34 141

Total equivalent blade drag, ib 174 345

Total equivalent drag, lb 3225 3396

(Blade drug/farcraft dra&g), % 4.39 6.97

(Total equivalent blade drag/
total equivalent drag), % 5.39 10.02
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TABLE VI. COYMPARIS0N OF ROTOR HMOER LIFT

isolated Rotor, O,'E

Linear variat:*onr of t/c and c. between noted
.'adius stations. Actual biadebegins at x =.-"5C

R 1 17. ') ft Ml(,) .582

S- .0819 12R 65C Ofpr

Input Power, hp 626

-'t. ft S.L. 5000

ThmD, °F 59 90

Twist, 1. deg -Airfoil Distributiono .Haver Lift,

- x 0 7 715 1.b

c t/c .12 .12 6270 5870
0 c•!! 0

4-) M

Sr -5 (Ref t/c .12 .12 6450 6040
" Blade c) j

-10 t/c .12 .12 6590 617C

c i 0 0

-5 Ref t/c -. 12 .12 645C 6eohoBlade) )~
c '0

-) t/c .12 .12 .06 6370 5820

00
GE t/c .12 o 6420 5950

S•ci 0 .27 .09

t/c .12 .ck 6330 5720

Cnji 0 0

-5 t/c .12 .06 6420 5930

.9; .095
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The first comparison shows the effect of twist at constant airfoil geometry.t. The reference blade with -5 degrees of twist shows a lift of 170 to 180
pounds were than that without twist and 130 to 140 pounds less than that
for -10 degrees of twist when compared at the two altitude and temperature
conditions. A study of loads over the required flight spectrum in the
Rotor Loads section of this report shows a, increase of only 10% in blade
loads for -5 degrees twist when compared with the loads on a blade of no
twist. As the amunt of twist increases more than 5 degrees, blade loads
increase too rapidly to warrant application of the additional twist. A
comparison of Figures 63, 64, and 65 with Figures 47, 52, and 57 in Ap-
pendix III indicates that there is no discernible difference in perform-
ance at the high-speed forward-flight condition due to -5 degrees of twist.
Therefore, the -5 degrees of twist which provides an increase in hover
performance without a significant penalty at other conditions is recoim-
mended for use.

The second comparison is made to evaluate the decrease in lift due to the
use of thinner blade tip sections in the case of the 75% rotor rpm reduc-
tion design. All of these blades, with -5 degrees of twist, are compared
with the reference 12% constant section blade having no camber. The blades

* which have thin tip sections without the addition of camber show the great-
est losses in hover lift, and the loss is more severe for the hot-day alti-
tude condition. Of the two blades without camber, the one which is tapered
in thickness along the entire radius shows the poorest hover performance.
The use of camber in the sections uhich are reduced in thickness provides
a reasonable recovery in performance for both types of tapered thickness
blades. Camber is reduced toward the tip to obtain as much benefit as
possible without precipitating adverse compressibility effects with hign
advancing tip Yach number.

The portion of the blade radius to which tapered thickness and compensating
camber are used is, in part, dependent on the blade fabrication process.
The linear variation from root to tip is mcre suited to quantity u--tal
blade production techniques. The outboard use of tapered thickness and
compensating camber may be suited to the modification of an existing con-
stant section design. Both can be tailored to work nearly as well for the
samw high-speed and hove-r design requirements.

Although it is not required for the 300-knot speed objective, a thin tip
section my be used to alleviate compressibility effects with increased
margins in the case of the 75% rpm design; in that event, compensating
camber is recommended for recovering hover performance. For the 50% rpm
design, a constant 12% symmetrical airfoil as used on the current XH-51A
rotor blades could be used on the basis of aerodynamic considerations.
However, dynamic considerations covered in the section on Rotor Dynamics
and Aeroelastic Stability show that increased structural flepwise and
torsional stiffness is required for operation at this reduced rpm level.
For flight speeds which exceed 300 knots, i.e., 325 to 350 knots, the
increase in advancing tip Mach number again introduces the consideration

!5
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of tapered thickness blades with thin tip sections for the 50% rpm sys-
tem. Compensating camber diminishing toward the tip is again recomMended
for blades with this type of thickness distribution.
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CONCLUSIONS AND REC0M.MNDATIONS

CO)NCLUSIONS

Proper selection of rotor design parameters for slowed-rotor operation will
remove flight li-nits previously encountered with the X!{-51A cci*nund heli-
copter. Analysis, simulation, and conservative extrapolation of previous
test results show that an )W-51A-type rigid-rotor compound bheliccpter can
be flown at speeds up to 300 knots. The primary goal in slowing the rotor
is to eliminate vibration due to coinpressibility effects on the advancing
blade at high speed, although a decrease in cruise power required at mod-
erate speeds is also realized.

The results of the stud"y show that:

1. Slowing the rotor to 7% rpm will provide a speed capabiliýy of
300 knots without encountering undesirable compressibility effects.

* The onset of compressibility effects occurs at an advancing tip
Macb number of 0.91. Operation at 300 knots at 75% rpm cor-
responds to an advancing tip Mach ninber of 0.891.

9 The 759% rpm rotor system includes Increases in swahtlate
!iping, gyro inertia, and blade tip weight to maintain rotor
stability at reduced rpm with a 1:1 gyro-rotor rpm ratio.

* Rotor frequencies are placed to avoid proximity to integer
valves in the design rpm range. Operation at almost any rpm
within the design range consistent with an acceptable advanc-
ing tip Mach nunber is feasible.

2. Slowing the rotor to 50% rpm provides larger operating margins be-
fore the onset of compressibility effects at 300 knots and a
potential for speed increase to between 325 and 350 knots.

"* The 50% rpm rotor system makes frequency plae aent more dif-
ficult due to the large magnitude of operational rpm change.
It requires that the rotor rpm pass rapidly through a resonant
frequency range at a low or moderate flight speed.

" The 50% rpm rotor system includes increased blade structural
flapwise and torsional stiffness !tnd a high-speed gyro to
provice rotor blade stability at 50% rpm and compatible gyr-o-
rotor precession rates with a reasonable gyro size.
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3. For both systems:

* A stiff-mounted transmission is required.

* Increased operating margins before the onset of compressibility
can be obtained by reducing section thickness near the blade
tip. However, when blade thickness taper is used, camber wut
be added to the blade section to minimize losses in hover per-
formance resulting from the use of thin blade sections.

RECOMMENDATIONS

A research flight test prog--am should be conducted to confirm and supple-
ment the analytical predictions with experimental data.
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APPENDIX I

METHODS OF AMALYSIS

Test-based analytical methcda are used to i-ientify parateters critical tc
30O-knot flight speeds and to indicate values of thoze parame+srs vhiich
must be applied in achieving these speeds. The analyses selected for
evalation of the various aspects of this high-speed regime have been
developed and correlated with prior high-speed flight experience and test
results. This section contains a brief description of these methods as
t•ey relate to this study.

ROTOR PERNONCE

Both the hever performance and the forward-flight performance analyses
employed in producing the rotor performance charts in Appendix 11 are of
the nmerical iterative type. They utilize two-dimensional data for air-
foils with lACA four-digit basic thickness fora. The mean lines of these
airfoils are of the far-forward camber-t;pe, five-digit series with maxi-
sut cmber at the 15% chord station. The thinner sections of this family,
when ccabined with a mean line vhich would produce a concave lower sur-
face, are odified in the nose region to eliamimte any concavity. lose
thickness is appropriately increased above and below the mean line to
avoid an adverse pressure gradient at negative angles of attack.

The aerodynmic data representing these airfoil sections in both the hover
and the forward-flight analyses are used in a tabular look-up format of

and cd on the basis of blade element thickness ratio, camber design
lift coefficient, angle of attack and Mwch nmber. These data have
been synthesized in the manner of the rotor blade section data of Refer-
ence 9. Variations for thickness ratios and camber have been generated
using transonic similarity rules as Jndicated in Reference 10 and have
been cross checked with nmmerouz data sources foend in the bibliografy of
Reference 10. 'hese have been further verified through high-speed wind-
tunnel tests.

The hover aualysis employs a blade element mmuentumt balance at each of a
eries of discrete blade radius stations and accounts for finite blade

muber on the basis of thrust produced. Integrated results of this analy-
sis have shoon good correlation with results of whirl tower tests. Me
forward-flight performance analysis consists of a modified and an expanded
version of that reported in References 11 aMd 12, The method includes wn
iteration cycle on blade wtimn and tip path plane trim to the shaft nor-
nal plane. Accordingly, the data provided in Figies 44 throug 65 of
Appendix M represent tri1 flight rotor conditions i. which the hub

oments have been trimmed to zero by the application of appropriate cyclic
pitch control. For these eonditiona,, the tip path plane is parallel to
the shaft norml plane.
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Vehicle performance can be evaluated by the method indicated in the sample
calculation in Appendix III.

AIRCRAFT CONTROL REWUPIENf2S

To evaluate control cross coupling and control at high speed, a d&gital
computer simulation is used.

Nine degrees of freedom are incorporated in the digital simulation, as
follows:

Rotor: 1 flapping degree of freedom x 4 blades -

4 degrees of freedom

Gyro: 2 degrees of freedom

Nonrotating airframe: 3 rigid-body degrees of freedom: pitch,
roll, and plunge (vertical velocity in
body coordinates)

The simulation is perferemed in two parts. First an isolated rotor solu-
tion is obtained using the 4 -degree-of-freedom main rotor portion of the
program. Forces and moments applied to the vehicle by the rotor are cal-
culated as functions of shaft rolling, pitching, and plunging, and as
functions of the cyclic pitch inputs. These responses are reduced to their
"quasi-static"* ccmponents, thereby producing a set of rotor stability
derivatives. These stability derivatives provide equations of the form

CIM- A, + -aHB

MH a S 8B ls

The second pert of the simulation substitutes the rotor-stability
derivatives

8MH a1iH

%msi-static means that the transfer functions of the rotor (e.g., pitch
hub moment/pitching rate) were reduced to constants. This is regarded as
a good assumption, since the dynamic response of a rotor is quite fast
compared with overall vehicle time constants and frequencies.
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along with the appropriate nonrotating airframe derivatives, into a set of
linear, constant coefficient differential equations. The gyro nutation
mode is assumed to be adequately damped (this Js equivalent to assuming
that the gyro functions as a pure integrator with gain J ia), which reduces
the number of vehicle dynamic equations to three.

These three differential equations are solved digitally, producing time-
history vehicle responses to steps of lateral and longitudinal stick

OdisplacementAs.

The dynamic behavior of the XH-51A rigid-rotor system can be described as
that of a gyroscope which is flexibly connected to the transmission and
fuselage and which is slaved to a control gyroscope. The control gyro
receives feedback information from the rotor and fuselage as well as eCom-
mand inputs from the pilot.

While the rotor is simply characterized above as a gyroscope, this analyti-
cal model of the compound rigid-rotor system has been described in a fully

Scoupled collective-cyclic aerodynamic-mechanical foromlation. This model
includes the effects of Mach mnber and reverse flow in the flapping, the
in-plane and the featbering relationships. Te analytical model is des-
cribed in terms of the basic degrees of freedom utilized in both the closed
farm and transient solutions obtained.

Table VII summarizes the specific degrees of freedom incorporated in the

analytical model.

The space configuration of the elastic rotor system is approximated by the

superposition of a finite number of fundamental wAe shapes. Thus, the
generalized coordinates numbered 3 througb 8 represent maltipliers that
determine the mount that the normalized mode shapes contribute to amy
general deformation of the rotor.

The mechanical description of the rotor, the gyro, and the fuselageS(aninotropic, describing the pitch, roll, and plung- of the fuselage as a
rigid body) is formulated in the stationary coordinate system.

The rotor aerodynamic analysis is performed with a separate, rather
elaborate program. Briefly, each blade is subdivided into 20 elements.
The cyclic pitch necessary to trim the rotor system is calculated by an
iteration procedure. The program yields virtually all rotor system
characteristics including resolved thrust, drag and pitching loads on each
blade element at each of 24 eql azimuth intervals. A harmonic analysis
is performed on this loading, and the steady as well as the first six har-
monics of blade loading are obtained. However, only the first two harmon-
ics of the airload are introduced into the dynamic arAlysis discussed
here; that is, the solution which is sought is concerned only with the
dynamic aeroelastic stability of the system as it is represented by the
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i model discussed above. Mach number, stall, and reverse flow effects are
taken into account by the use of two-dimensional airfoil data for the full

spectrum of angles of attack encountered by the rotor blade elements.

{I
TABLE VII. DESCRIPTION OF 1IGREES OF FIREDOE

Degree of Sy.ubolic
Freedom Designation Description

1 V Longitudinal velocity of rotor hubx

2 V lateral velocity of rotor hub

3 Collective component of roto-r flapwise
deflection

SOR Cyclic components of rotor fla-.wise

5 1 deflection

6 C Collective zompcnent of rotor in-plane
deflection

S7•x Cyclic components of rotor in-plane
8 deflection

9t Vertical deflection of -ransizssion

Arfi

11 Roll angle of transmi:'or.

12 Of P-t:h angle of fuselage

13 *f Roll angle of f-'uselage
-+'

V: i -Yzlic zc- Donents of g.-ro -44-place-ent

V z Vertic-al veelocit.. of air--rat ýeniter
___________rI 2 67
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The behavior of the system is defined by a set of 16 simultaneous total
differential equations in the independent variable time. Two basic tech-
niques have been applied to the solution of these equations. The first
involves computation of the complex eigenvalues, which determine the
characteristic frequencies and damping factors and whicýý provide the neces-
sary information to plot critical stability-rotor speed diagram for spec-
ifled flight speeds. The second technique employs & tt-te-history solution
to determine the djnamic response of the rotor-f-aselage system to a time-
depeadent control input. The solution is initiated by imposing the swash-
plate attitude that vould be required for trim of the rotor system if it
were perfectly rigid. Thereafter, the control gyro is allowed full cyclic
authority. Time histories of all 16 degrees of freedom, as well as col-
lective i~nut and load factor, are obtained directly from a tape plotting
system, These plots present the dynamic response vith respect to the eta-
tionary coordinate system.

ROTOR LOADS AND NATURAL FREQUEINCIE

A digital compater program which consists of a combination of airloads and
response analysis is used for evaluating blade bending and torsion moments
as well as natural frequencies of rotors with rigidly mounted blades. The
airloads are computed in the same manner as in the performance analysis,
employing the two-dimensional airfoil section data to compute total rotor
thrust, pitch and roll moments, and rotor torque. The control angles
required for a given trimed condition are computed. The response analysis
is used to compute blade deflections and inertia forces on the blade ele-
ments. Benting moments about two axes and torsion are found from the
deflected blade geometry and the combination of airloads and inertia
forces. The basic program has been extended to include the computation of
blade stresses at selected points of various cross sections at each selec-
ted asimith position. Blade natural frequencies are computed by setting
aIrloads to zero and computing blade response characteristics.
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APPDIX II

SLOWE(I-RO•RO TEMT 1

Vari'us aeroelastic wind tunnel tests, both full scale and model scale,
have been conducted in connection with fully stopped and stged rotor pro-
grams. These tests also provide useful knovledge regarding the aeroelastic
phenomen associated with sloved-rotor concepts, especially in regard to
flight at high advance ratios. A full-scale stopped-rotor system, desig-
nated the CL-870, us sized for eventual flight test on a modified com-
pound X-51A. This relatively stiff, tbree-bl.ded rigid rotor incorporated
an independently hydraulically driven high-speed gyro Which maintained its
rotational speed, and consequently its ability to provide control, as the
main rotor speed diminished. Figure 39 shows the high-speed gyro installa-
tion on the model that was tested in the ASA-Ames 10- x 80-foot tunnel.

The rotor was both stable and easily controllable down to 15% rotor rpm
at 1i0 knots and to lower Percentages of rotor speed at lower forward
speeds. In addition, substantial data relative to the structural loads
and aeroelastic characteristics manifested by the CL-870 under a variety of
conversion configuratimos, at various angles of attack and tunnel speeds up
to 140 knots, were also obtained. The results of these tests are presented
in Figure 40

Prior to tests of the full-scale system, tests to study rotor in-flight
stopping and starting mere conducted on a dyzaincaliy scaled 7.42-foot-

l1aneter rotor mounted over a representation of a ving/body as shown in
Figure 41. This test un perfor-md in an 8- x 12-foot low-speed wind
tunnel. In lieu of a mechanical high-speed gyro, the rotor system was
controlled by an electronic simulation of the high-speed gyro. The gyro
rpm as eleven times the normal rotor rpm. For the gyro and rotor coubizm-
tion tested, the constant-speed yrz vas in c nd of the rotor at rotor
speeds down to less than 10% of the normal rotor rpm. The high-speed
gyro functioned, in the manner that had been analytically predicted, as an
effective control gyro. Figure 42 presents the smability boundary experi-
mentally obtained in these tests.

These two wind tunnel test programs conducted during 1967 demonstrated that
a constant high-speed gyro will satisfactorily control the rotor during a
slaoed-rotor operation. It was experimentally shown that th', principal
attributes of the high-speed gyro are that (1) it maintains a feathering
frequency near iP during very large excursions in rotor speed, (2) it pro-
vides a very high cyclic stiffness which accomnodates operation at very
low rotor speeds and high advance ratios, and (3) it results in a very high
nutation frequency which is easily damped.
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100-

I _ -
0 TESTS WITH GYRO @6000 RPM
0 TESTS WITH GYRO @1W#) RPM

80 TEST POINTS SHOWN INDICATE WHERE GYRO WAS
APPARENTLY LOSING CONTROL OF ROTOR,
EXCEPT WHERE MARKED WITH - , WHICH
INDICATES THAT GYRO WAS STILL IN CONTROL

*60 1
PREDICTED LIMITS OF GYRO
CONTROL, BASED ON SCALED
DYNAMIC MODEL DATA

40

00 40 60 8 00 R 0

WIND TUNNELq - PSF

Figure 40. Results of Full-Scale Model Tests.
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APPENDIX III

In ROTOR P"RFORMAICE CHARTS AND &APLE CALCUATION t:

ROTOR PEWORKWE CHATS

Rotor performance data for high-speed flight at reduced rpm are identified-
in Table VIII for a range of airfoil distributions and include selected
combpnations of airfoil geometry and blade twist. These data are in gen-
eral supplemented by corresponding information at the hovering condition
(Figures 43 and 4). The blade airfoil thickness ratio and camber (design
ldft coeffLcient) distributions vary linearly between the points of the
rotor radits stations at chich each of these geome tric properties is
defined in all tables and figures. A rotorcraft flight condition spectrumis shown in Figure 45 for ease in identifying the operating realm of each

of the high-speed flight design charts, Fig oraes 46 through 65. The methods
by which the rotor performance chart datt were ialculated are briefly de-Sscribed UL Appendix I, Methods of Analysis.

The rotor flight path force components of lift and drag are nondimenseonal-
izid bse the product of blade area and flight path d mc pressure to give

""N- and ngi l Dl/qs The s eoetal is modified to an effects

lent drag along the flight path and is nondimensionalized in the aderanner to give CDQR = 550 HP R/q•bV. Therefore, rotor totaL equiveaent

drag coefficient ma w be defined as Cr = CDR + CDR. These forms of non-
i dimensional par-ameters are mor.ý suitable for comparing data at differe.nt.

irp at the same flight path speed. Ta performance data charts also
include the longitudinal cyclic pitch settings, Ba, reqtired for the noted

aflighte cobnitions.

For the h(igh-s 147,flight conditions, these performance charts mat be used
for other rotor soudnties with little error in angt e of attack or drag.
These changes are l only a fuection of the uet aiucei effects, and at these
t dhigh speeds the combination of low lift loading and high dynse ic pressurni i with the relatively large span (the diameter) makes the induced effects

, negligible. Also, shaft power is essenttially independent of these effects.

The high-speed performance -data charts are developed to provide adeutxee
information consistent with the unloaded rotor mode of operation applied
in '41gh-speed flight. The basic data regime in each case is that for a
zero three-quarter-radius; collective Ditch setting at an angle of attack
range between zero rotor lift and zero rotor shaft horsepower (autorota-

tion). As the advancing tip Mach numir~r increases at the sawe flight
speed (Figures 47, 48 and 49 in reverse order), there is a tendency for
the shaft power curve not to pass through the auto, oration point, CDQ, 0 ,

even at a low collective pitch setting, precluding autorotation. This
trend becomes more severe at higher collective pitch settings.
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A number of the performance ctiarts include data in addition to the basic
design regime for one or two more collective pitch settings in 2-degree

increments. These are included to show the effect of increasing collec-
tive pitch as the advance ratio increases and becomes greater than unity.

" ~The zero setting, or a near-zero three-quarter-radiwi collective pitch

setting, is used in order to obtain the maximum available range of longi-
tudinal cyclic pitch for maneuvering. (There is no requirement for col-
lective pitch control at high-speed flight, and the collective pitch con-
trol is normally set at a detent for this flight condition.)

Reference to the performance charts for a selected blade geometry at
successively increasing flight speeds and decreasing rotor rpm (tb'crefore
increasing advance ratio) shows a gradual decrease in lift coefficient with
increasing collective pitch at each discrete advance ratio. At advance
ratios above 1, there is a decrease in lift with increasing ccllective
pitch. It is evident that there is no need to make use of the collective

Spitch control at hgh speeds, and the lift reversal makes it undesirable
to employ collective pitch control at high advance ratios, especially those
above unity.

Figure 66 is inzcluded to describe tail rotor operation in high-speed
flight. Unlike the main rotor, which is trimmed parallel to the shaft nor-
mal plane for zero hub moments and which shows a lift reversal with
increasing collective pitch at the advance ratios above unity, a conven-
tional tail rotor is free to teeter with respect to its shaft and does
not demonstrate reversal of thrust with increasing collective pitch at the
higher advance ratios. The quality of no reversal is, cf course, essential
to provide yaw control through the tail rotor regardless of flight speed
anrd main rotor rpm.

With allowance for the characteristics noted, the performance deta charts
show no fundamental rotor limitations through the flight speed of 325 knots
covered by these charts. Data developed by the forward flight analysis
are compared with flight test data of Re~erence 3 in Figure 67 and show
goud coirelation. The increments between the anal3-tical and the test
curves reflect very small amounts of drag and power, and the analytical
results are slightly conservative.

SAMPLE CALCUIATION FOR RIGID-ROTOR COMPOU-D HELICOPTE AT HIGH SPEED

This s suple calculation showt. how the rotor is combined with the nonrota-
ting airframe at the high-speed point and how the aircraft designed for
that point is flown to a range of lower speeds at the same collective pitch
setting.

Assume that a maximum forward speed of 325 knobs at sea level on a starndard
day at a gross weight of Q100 pounds is desired. Such a design point may,
in fact, be selected to insure the desired performance at the objective
speed of 300 knots. At 325 knoss, the rotor llft is zero and the collective

99



V 300KNq - 303PSF TWIST - 0DEG t/: = 0.07 CONSTANT

I - 3.25 FT ,-O.1273 Sb -4.23 FT

Olt - 601 FPS 84.6%RFM /t-0.843 M 0 991

S- - fi t --- M 9

S- It'-355 V 1.427 M(1.90) 0.

Dj

S-8 -4 001 4 a 12 16
• • ;• 0.73 - DEG

4 -40

Iit

2 -

.4 .4 0 4 a 12 16

Figre66 T. Roc ...rac Dt o ih-pe lghCs 1

1 1.00

$

r1



zI

a--

sm

ca ILI
£4 z

-0 '

o 101



i pitch is set at a low value, 0.75 :0 degrees. Referring to Figure 60 fora tapered thickness, cambered, -5 degree twist rotor configuration opera-

ting at 75% rpm, Lt is seen that if

TPP -1.55 deg

CLR is assumed to be 0 and CDR= 0.00915

8.75 is assumed to be 0 deg, then CD 0.00542

B1  -1.27 deg

Since q = 358 psf and Sb 78.8 ft 2 ,

DR q~cD = 2581b (i)

=(qVSb/550) CD 12h 2

Wing lift mist equal vehicle weight and an operating lift coefficient of

0.35 is chosen. Wing area is found to beI2 SW =i•/qc• = 50.25 ft 2  (3)

Selecting the wing span as 16.6 ft and Oswald's airplane efficiency factor
as e = 0.7, the drag varying with lift is

SDL = (- 183 lb

Conventional design practice for a high-speed compound helicopter would

result in a near-zero rotor shaft incidence. Since this example is

intended to parallel the high-speed )Ci-51A compound helicopter, which was
developed from the XHI-51A helicopter, a shaft tilt of 6 degrees forward
is used.
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Hence, from Figure 68,

a F = ip + irS 4 .45 deg 5

Assuming a lift curve slope for the total nonrotating airframe of0. 09 pner de.-,I

C
•W : r + :0 :3.89 deg (6)

which gives iw -0.56 deg.

Identifying a miniunm drag area for the airframe with interference but
minus main rotor blades as equal to 9.55 ft 2 and the tail rotor dragexpressed in terms of an equivalent parasite area as 0.05 ft 2 , a subtotalF of drag area of 9.60 ft 2 is obtained. Then

Dp= qf = 3435 lb (7)

Finally,the propulsive force requirement is

Fy = Dp +DL + = 3876lb (8)

Tail rotor power is 10 hp and accessories and losses amxnint tc 6 hp plus
3% of the total shaft po.-er required:

l.0(1~+1P +E?173 hP (9)SH~~PREQD = 1-03 ('ýR + '"T-R + ;ýýLCS) •13h 9

Now consider the effect of reducing speed to 3CC hncts -.&hill- h ':g con-
stant collective. Wing and rotor lift sharinrg is determired by
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Nondimensionalizing by qSb and substituting for LW =qSCL (*W)l

awR SWC
8 b, R + S C (is +b L(S +-) (Wi)

where E is the rotor dovnwash angle; in the flight regions covered by this
example, E is of negligible magnitude. Rearranging and entering values,

0LR = 0.262 - 0.0573(5.44 + a TPP) (12)

Referring to Figure 58,this condition is satisfied when

aTPP -1.05 deg

fill, o0o0o4

0.75 is assumed to be 0 deg; then CDR 0.0081

CDQR 0.0059

B 1 -0..1 deg

Since q = 305 psf,

LR = 250 lb

DR = 195 lb

R = 130 hp

Also,

"aF = 4.95 deg and DL = 198 lb

aw = 4 .39 deg D, = 2926 lb

C = 0.395 F = 3319 Lb

Lw = 6050 lb HLRE QD = 150 hp
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As the forward speed is reduced further, it is no longer necessary to main-

tain the 75% rpm. Selecting 8.E6% rpm at 250 knots as showu in Figure 56,

aP = 0.27 deg

C : o.oq9

5 is assumed to be 0 deg; then CDR = 0.0097
475

P = 0.06 deg

!1

Since q= 212 psf,

La = 819 b &F = 6.27 deg DL = 234 lb

DR = 1621 b =w = 5.71 deg Dp = 2035 lb

H"vt = i4o bp F = 2431 lb

C4 Ci= 0.515

= 5415 lb BPRW= 161 bp

The preceding is illustrated in Figure 69.
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Figure 69. Application of Rotor Performance Data Charts.
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